immediately downstream from the coat protein cistron. TED enhances translation when fused to a heterologous mRNA, but the level of enhancement depends on the nature of the 5' untranslated sequence and is maximal in combination with the STNV leader. The STNV leader and TED have two regions of complementarity. One of the complementary regions in TED resembles picornavirus box A, which is involved in cap-independent translation but which is located upstream of the coding region.
Satellite tobacco necrosis virus (STNV) is a small icosahedral plant virus that consists of a single RNA molecule of about 1,240 nucleotides (nt) packaged by 60 coat protein subunits. So far, three serotypes of STNV have been described (30) , and the complete nucleotide sequences of two STNV RNAs (STNV type 1 [STNV-1] and STNV-2) have been elucidated (4, 31) . Both viruses depend for their replication on the presence of the helper virus tobacco necrosis virus strain A (TNV-A). They show a very similar organization and have a single coding region of about 590 nt, which encodes the viral coat protein. The 5' untranslated regions have a length of about 30 nt and are nearly identical. In contrast, the STNV-1 and -2 trailers represent half of the genome and share 64% nucleotide sequence conservation (4) . STNV RNA is characterized by the absence of both a cap structure at the 5' end and a poly(A) tail at the 3' end (11) . This peculiarity has two implications with regard to translation.
First, STNV RNA apparently uses a translational initiation mechanism that bypasses the common cap recognition step. This mechanism may be quite different from that used by other uncapped viral RNAs like those of picornaviruses, comoviruses, and potyviruses (3, 27, 28) . Picornaviral RNAs have long 5' untranslated sequences ranging from 600 to 1,200 nt, which carry multiple noninitiating AUG codons and which can fold into highly conserved secondary structures involved in translation initiation (reference 27 and references therein). In contrast, the STNV leader sequence is very short, and its predicted hairpin structure is not as extensive and stable (4) . Interestingly, translation of STNV RNA in vitro, as of poliovirus, is stimulated by the cap binding factor eukaryotic initiation factor 4F (eIF-4F) (1, 6) .
Second, the absence of a poly(A) tail poses the question of how STNV RNA substitutes for the major cytoplasmic functions associated with this structure, i.e., the control of mRNA stability and the modulation of translation efficiency. The poly(A) tail, complexed with poly(A)-binding protein, is believed to enhance the formation of 80S translational initi-* Corresponding author. ation complexes, presumably through promoting some sort of interaction between 5'-and 3'-proximal elements of the mRNA (20) . The exact role of the STNV trailer in viral replication and translation is not known, but its regulatory function is suggested by its sequence conservation, which exceeds that of the coat protein coding region. Phylogenetic comparison between the STNV-1 and STNV-2 trailer sequences revealed the presence of three pseudoknotted structures which are also found in several other nonpolyadenylated plant viral RNAs such as that of tobacco mosaic virus (TMV) (4, 23) . In the latter case, it was shown that the pseudoknot domain can functionally replace the poly(A) tail, as it stabilizes and increases the expression of heterologous mRNAs (10) . It is therefore not unlikely that the STNV trailer plays a role in translation.
Several in vitro data favor the idea that STNV sequences 3' to the initiator AUG are involved in translation initiation. First, capping of full-length STNV RNA does not enhance initiation complex formation whereas capping of 5'-terminal fragments has a stimulatory effect (26) . Second, the preferential binding of eIF-2 to full-length and nearly full-length STNV (14) suggests that eIF-2 recognizes a conformation present only in larger molecules. A secondary structure model for STNV-1 RNA in which nt 24 to 55 are interacting with nt 979 to 1009 was proposed (14) . Third, the requirement for ATP and wheat germ initiation factors 4A and 4F is affected by a region of STNV RNA that is 3' to the ribosomal binding site (2) . Sequences until nt 134 mimic the translational properties of the full-size RNA, although not to the full extent. On this basis, a secondary structure model involving base pairings between nt 49 and 126 was suggested (2) .
In the present study, we have examined whether the STNV trailer is involved in regulation of translation. We introduced STNV-1 and STNV-2 cDNAs into in vitro transcription plasmids to produce synthetic STNV Four days after infection, leaves were harvested and homogenized in 1 volume of 10 mM NaPO4, pH 5, and mixed for 1 h at 4°C. After addition of 1 volume of chloroform-ether (1:1) and another hour of agitation, the mixture was centrifuged for 10 min at 4,000 x g. The supernatant was mixed at 4°C with 1 volume of a saturated ammonium sulfate solution and incubated for several hours at 4°C. The mixture was centrifuged for 15 min at 30,000 x g, and the pellet, containing both TNV and STNV particles, was quickly resuspended in phosphate buffer (10 mM NaPO4, pH 5).
Five-microgram samples of the virus suspensions were applied onto a 0.1% sodium dodecyl sulfate (SDS)-12.5%
polyacrylamide gel, electrophoresed, and transferred to a nitrocellulose membrane (Hybond C; Amersham, Buckinghamshire, England). Immunodetection was done with an antiserum directed against STNV-1 as the primary antibody (a gift from P. Ameloot). Purified TNV genomic RNA and in vitro-synthesized STNV RNA were introduced into protoplasts ofN. tabacum Petite Havana SR1 (17) essentially as described in reference 7. A total of 0.3 pmol of TNV and 0.75 pmol of in vitrosynthesized STNV RNA were added to 3 x 10' protoplasts in 1 ml of electroporation buffer and subjected to an electrical discharge (670 V/cm, 200 ,uF). After 10 min, the cells were transferred to culture buffer (Gamborg's B5 medium [GIBCO] supplemented with 0.4 M sucrose, 5 mM CaCl2, 3 mM NH4NO3, and 2.6 mM morpholineethanesulfonic acid, pH 5.7) as described in reference 5. At 0, 8, and 22 h after RNA delivery, cells were harvested. The total RNA of each time point sample was extracted and analyzed by Northern (RNA) blot for the production of STNV plus and minus strands with strand-specific radioactively labeled T7 and SP6 transcripts.
STNV-1 and -2 cDNA synthesis. The synthesis of a full-size STNV-2 cDNA was described previously (4) . A full-size STNV-1 cDNA was obtained by using the oligodeoxyribonucleotide (5'-GGGGUAGUCGAGGAC-3') which is complementary to nt 1225 to 1239 to prime the first-strand synthesis. T4 DNA polymerase was used for second-strand synthesis with the oligodeoxyribonucleotide (5'-GTAAA GACAGG-3') corresponding to nt 2 to 12 from the 5' end as a primer. This cDNA was cloned into the filled Asp- (Fig. 1) .
The STNV-2 cDNA could not be cloned in pFM108, possibly because of the adjacent lacZ operon. The fragment AatII-PstI of pFM108 was therefore cloned between the AatII and PstI sites of pAT153 (29) . STNV-2 cDNA was then introduced between the trimmed KpnI site and the SmaI site, giving rise to plasmid pXD535 (Fig. 1) .
Sequence analysis (18, 24) of the 5' and 3' untranslated regions of both cDNAs did not reveal any discrepancy with the already published sequences (4, 31 GUS-based constructs. Plasmids pXD550, pXD552, pXD553, and pXD556 were constructed with components of VOL. 13, 1993 on pXD535, pFM108 (see above), and pRAJ275 (13) . This last contains the ,-glucuronidase (GUS) coding sequence with NcoI andAvaII sites positioned at the initiation and the first codon, respectively, and an EcoRI site located 6 nt downstream from the stop codon. pRAJ275 has a Kozak consensus sequence, GTCGACCATGGTC (15) , around the initiator ATG, downstream from a Sall site.
pXD550 was obtained by inserting the blunted AvaIIEcoRI fragment from pRAJ275 between the blunted BclI and NcoI sites of pXD535. This plasmid directs the synthesis of RNAs encoding a hybrid protein composed of the first 47 amino acids of the STNV-2 coat protein and the entire GUS amino acid sequence.
The first step in the construction of pXD556 was done by cloning the SalI-EcoRI fragment of pRAJ275 between the KpnI and HindIll sites of pFM108. The NdeI-EcoRI fragment of the resulting plasmid, containing the T7 promoter and the GUS coding sequence, was then cloned between the NdeI and NcoI sites of pXD535. pXD556 directs the synthesis of a hybrid GUS-STNV RNA that carries the leader sequence 5'-GUCGACC-3'. pXD553 was constructed by first inserting the GUS coding sequence (blunted NcoI-EcoRI fragment of pRAJ275) between the blunted PstI and HindIII sites of pFM108. The fragment NdeI-EcoRI of the resulting plasmid was then inserted between the NdeI and NcoI sites of pXD535. The leader sequence of the pXD553-derived transcripts is 5'-GGUACCCGGGGAUCCUCUAGAGUCGACCC-3'. Computer-aided sequence and data analyses. Searches for RNA secondary structures were done with the computer resources provided by PC/Gene (University of Geneva, Geneva, Switzerland). Nonlinear regressions were performed using the GraphPAD InPlot software, version 3.0.
The mathematical description for the protein (P) accumulation in function of the time (t) was determined as follows: 
Integration of equation 3 gives Pt = (aRoebTlb)(J -e-bt) + C. Constant C is determined by assuming that P = 0 at t = T, which implies that protein accumulation is described by Pt = (aRoebT/b)(l -e bt) + (aRJb)(1 -ebT).
RESULTS
Synthetic RNAs of STNV-1 and STNV-2 are translationally active in vivo. The termini of STNV RNA may have a regulatory importance in both viral replication and translation. To identify a role of the 3' untranslated region of STNV RNA in translation, it was thus essential to use an expression system that uncouples translation from replication. For this reason, we produced synthetic STNV RNAs and studied their expression in an in vitro translation system derived from wheat germ. As a first step, we synthesized full-length STNV-1 and STNV-2 cDNAs and introduced them downstream of a phage T7 promoter in vectors derived from pGEM3Z (Promega Biotec) and pAT153 (29) , respectively ( Fig. 1) . STNV-1 transcript synthesized on pXD505 which is linearized at the SmaI site differs from the natural RNA at three positions. The 5' A residue is replaced by G, the residue C at position 1058 is deleted, thereby eliminating an internal SmaI site, and the 3' terminus carries seven C residues instead of four. HindlIl (2) A[wl (2) Sac Il2)
[ (1) coNK (2) co010g (2 (2) or-M..lw sized on pXD535 which is linearized at the SmaI site differs from wild-type RNA only by the substitution of a G for the 5' A residue. Both RNAs direct in a wheat germ translation system the synthesis of proteins with a size similar to those of the viral coat proteins (data not shown).
As the synthetic transcripts differed slightly from the wild-type viral RNAs, we first tested their biological activity in vivo. Five micrograms of in vitro-synthesized full-length STNV-1 and -2 RNAs was inoculated onto 4-week-old tobacco leaves in either the presence or the absence of a satellite-free mixture of TNV-A particles. Four days after infection, virus particles were partially purified and the samples were analyzed on a Western blot (immunoblot) with an antiserum directed against STNV-1. This antiserum cross-reacts with STNV-2 and TNV-A, because of which all three viruses are detectable. Figure 2 shows that STNV-1 and -2 particles are produced only in the presence of TNV-A. The accumulation of coat protein demonstrates that the synthetic RNA transcripts provide templates which are translationally active, and the formation of satellite particles shows that they are encapsidated. Delivery of STNV RNA into tobacco mesophyll protoplasts in the presence or absence of TNV RNA revealed that synthetic STNV RNA is efficiently replicated in the presence of TNV (data not shown). Taken together, these results demonstrate that the synthetic full-length STNV transcripts are biologically active.
The trailer sequence of STNV-1 and -2 RNAs plays a role in translation in vitro. A putative role of the STNV trailer in translation might be unmasked by comparing the translation efficiency of STNV RNA with those of deletion derivatives in an in vitro translation system. However, a regulatory function of the trailer in translation might require cofactors which are absent or limiting in the in vitro translation assay. We therefore set up conditions for the wheat germ translation system such that translation of the full-length STNV RNAs was directly proportional to the RNA input. As shown in Fig. 3 , an input of 1 pmol of RNA in a standard assay does not exhaust the translation system in a 60-min reaction. The optimal Mg2+ and K+ concentrations to translate both RNAs were 2 and 120 mM, respectively (data not shown).
In the next experiment, we introduced into the wheat germ system full-length STNV-1 and -2 RNAs as well as derivatives lacking the trailer. At different time points, samples were taken for both protein and mRNA quantification. For both STNV-1 and -2, the absence of the trailer correlated with a dramatic reduction of coat protein synthesis and a moderate increase of mRNA turnover. Figure 4 changes in mRNA stability, we determined the parameters involved in coat protein expression. The protein (P) accumulation as a function of the time (t) can be described by the equation P, = (aRoebTIb)(1 -e-b') + (aR,Jb)(l -eb ), in which t refers to the assay time, T corresponds to the time point at which the first translation product is completed, and a is a constant describing the translation efficiency, i.e., the number of protein molecules synthesized per mRNA molecule and per time unit. Ro represents the initial RNA input, and b corresponds to the functional decay constant.
The mathematical description implies that the plateau protein level reached at t = oo corresponds to P = aRJb and thus is proportional to the translation efficiency, the mRNA pool, and the functional mRNA half-life.
Using a computerized nonlinear regression calculation method, we determined the parameters aRo and b from the protein accumulation curves obtained by translation of STNV-2 RNA with or without the trailer sequence (Fig. 4B , STNV-2+ and STNV-2-). The goodness of fit, quantitated by the least-squares method, was reflected by correlation coefficients of 0.99. We found that the plateau levels and the biological half-lives of STNV-2+ and STNV-2-differ by factors of 25 and 1.5, respectively. This points to a 16-fold difference in expression between the two RNAs due to a difference in translation efficiency and/or pool size of translatable RNA. This clearly demonstrates that the STNV-2 trailer sequence plays a role in translation. The mRNA decay curves (Fig. 4C) revealed that the chemical half-life of the RNAs exceeds the functional one, which shows that the difference in chemical mRNA decay between STNV-2+ and STNV-2-contributes little to the 25-fold difference in expression.
We also included in the assay the control transcript STNV-2*, in which the STNV-2 trailer is replaced by an arbitrary sequence of 680 nt. This trailer sequence does not contain any significant open reading frame and shares only 35% overall nucleotide sequence similarity with the STNV-2 trailer. The translational activity of this transcript in the wheat germ assay was comparable to that of STNV-2- (Fig.  4B) . Processing of the expression profile showed that STNV-2* and STNV-2-have similar functional half-lives and translation efficiencies. Taken together, these data demonstrate that the STNV trailer plays a role in translation regulation.
Trailer-mediated translation stimulation maps with a predicted stem-loop structure. In a previous study, we showed that the trailer sequences of STNV-1 and STNV-2 RNAs can fold into very similar secondary structures which are supported by the presence of many covariations (4). A schematic representation of the structure proposal is given in Fig.  5A . To map the 3' boundary of the region responsible for the translational stimulatory effect, we synthesized a series of STNV-1 and -2 RNAs carrying trailer sequences of gradually decreasing lengths and introduced them into the wheat germ extract ( Fig. SB and C) . In the case of STNV-1 RNA, progressive 3' deletions resulted in a dramatic decrease in expression between nt 757 (Cfr1OI) and nt 715 (XcmI), while for STNV-2 RNA such a reduction was observed between nt 749 (SpeI) and nt 687 (ApaLl). If the two STNV structures are considered equivalent, this would mean that the 3' boundary of the translational enhancer is located between the XcmI and SpeI restriction sites in the sequence spanning the 3' end of hairpin I and the first pseudoknot shown in Fig.  5A .
Because of the proximity of the coat protein coding sequence, it was impossible to map the 5' side of the VOL. 13, 1993 on translational enhancer without destroying the coding sequence. Therefore, we created an STNV-2 mutant, STNV2fS, that contains a frameshift in the coat protein coding region, because of which the coding sequence ends at nt 313.
In vitro translation of STNV-2fs with and without trailer (Fig. 5D ) resulted in a similar difference in expression level as was seen for the wild-type RNA (Fig. SC) . To map the 5' border of the translational enhancer, we deleted in a first instance in STNV-2fs the sequence between the AlwI site (nt 578) and the NcoI site (nt 631). This deletion did not affect the expression of the mRNA (Fig. SE) . However, by extension of the deletion 56 nt further downstream, the translational enhancement dropped significantly.
In conclusion, the 5' and 3' deletion experiments locate the translational enhancer domain (TED) within a sequence of 150 nt immediately downstream of the stop codon of the coat protein cistron. This region is conserved between STNV-1 and STNV-2 RNAs and overlaps with hairpin I (Fig. SA) . Furthermore, translation of the frameshift mutant STNV-2fs RNA shows that TED functioning is independent at the position of the stop codon.
TED functioning is leader dependent. The action of a 3' untranslated region in translation presupposes an interaction with sequences effectively involved in regulation of translation. We assayed the dependence of TED on additional STNV information by replacing the coat protein coding region of STNV-2 RNA by the GUS coding sequence. We positioned four different sequences at the 5' end: two random leaders of 7 and 29 nt, a 77-nt-long TMV leader (including the fl sequence [10] ), and the STNV-2 leader. The latter construct, pXD550, carries the first 172 nt of STNV-2 RNA fused in frame to the gus coding region. If TED were an autonomous enhancer, the translation efficiency of these four transcripts would largely depend on the presence of TED. Figure 6 clearly shows that TED stimulation of GUS occurs when TED is combined with each of the four leaders but is most pronounced with the two viral leaders. The highest translational efficiency is found when TED is coupled with the STNV leader. For all four chimeric STNV-gus mRNAs, the stimulatory effect of TED is reduced nearly twofold by the 3' part of the STNV trailer. Furthermore, the stimulatory effect with the full-length pXD550 RNA is not as strong as that seen with wild-type STNV-2 RNA, which suggests that part of the translational activation of STNV must be ascribed to the coat protein coding region.
Taken together, these data show that TED has some level of autonomy as the TED activation potential is not restricted to the STNV-2 leader and coat protein coding region but also acts when TED is placed downstream of heterologous sequences. Most importantly, TED shows a strong dependence on the leader sequence and functions best in conjunction with the STNV 5' sequences. These data suggest that TED requires a direct or indirect interaction with the 5' part of STNV to stimulate translation. the expression of the upstream coat protein cistron in vitro. Two lines of evidence show that the expression enhancement is linked to translation and not to mRNA stability.
First, expression of full-length STNV-1 and -2 RNAs was compared with that of derivatives lacking the trailer in a wheat germ system. In both cases, a significantly lower level of coat protein synthesis and a moderate increase of mRNA turnover were seen in the absence of the trailer. To understand whether differences in mRNA decay could be responsible, the coat protein accumulation profiles produced by STNV-2 RNA with and without trailer were used to calculate the functional half-lives and translational properties of the RNAs. This analysis revealed that the 1.5-fold difference between the functional half-lives of the two RNAs is too small to explain the 25-fold difference between the plateau protein levels reached by the two curves (Fig. 4) . This implied that a 16-fold difference in expression is caused by differences in translation efficiency and/or by a difference in size of the mRNA pool actually involved in translation. As the chemical half-lives of the mRNAs are about twice as long as the functional ones, their impact on expression differences is only limited.
Second, if the trailer were to increase the expression level by stabilizing the mRNA, then a more stable STNV-2 RNA would be more expressed. This is not the case, since the hybrid STNV-2* RNA which carries a heterologous trailer is almost as stable as full-length STNV-2, while its expression profile is similar to that of STNV-2 lacking the trailer (Fig.   4) .
By deletion analysis, we mapped the TED within a 150-nt region immediately downstream from the stop codon of the coat protein cistron. To our surprise, TED did not overlap with any of the three pseudoknot structures downstream of hairpin I (Fig. 5) . Pseudoknots have been implicated in translational control in a number of cases (22, 25) . For instance, the pseudoknot region in the TMV trailer functionally replaces a poly(A) tail in both mammalian and plant cells when transferred to heterologous transcripts (10) . An important difference between the TMV pseudoknot region and TED is the level of autonomy. Whereas the TMV pseudoknot confers translation enhancement and mRNA stability on itself, TED requires additional sequence information in cis for optimal translation enhancement. Replacement studies with the STNV coding region and leader revealed that TED specifically requires the STNV 5' region to stimulate translation maximally. Sequence inspection revealed that the leader and TED sequences display a high degree of sequence conservation between STNV-1 and STNV-2. The two leaders are nearly identical while TED has 85% nucleotide conservation, compared with 65% for the entire trailer sequence. This suggested that these regions contain essential sequence information and highlighted a VOL. 13, 1993 on (Fig. 7) . Interestingly, when projected on the secondary structure model, these complementary sequences are positioned in single-stranded regions. Interestingly, a 5-nt sequence (underlined) overlapping with the A' box (boldface) 5'CAQUUCCUGGU3' has a perfect match with the motif 3'AGGAAGGCGUC5' present in the 3' end of the 18S rRNA. This 5-nt motif of TED is homologous to the picornavirus box A which is important in cap-independent translation initiation (21) . A major difference with picornavirus is, however, that the A' box is situated downstream of the coding region and not directly upstream of the translation start codon. If indeed the 43S ribosomal subunit recognized this motif and the AA' and/or the BB' interactions promoted a refolding of the STNV RNA in such a way as proposed for the poly(A) tail-mediated translation enhancement (12, 20) , the ribosome unit and STNV RNA would need to turn 1800 with respect to each other to recommence translation initiation.
At the moment, we consider two models that may explain translation stimulation by TED. The first one concerns the initial selection of mRNAs for translation. As shown in Fig.  7 , the interaction between the STNV leader and trailer could unmask the 5' end by destabilizing the predicted stem-loop structure present in the leader. Binding of initiation factors with unwinding activity (eIF-4F, -4A, and -4B) could then happen, followed by the entry of the 43S ribosomal subunit. Alternatively, the interaction between the leader and trailer could increase the efficiency or probability of reinitiation events by bringing the terminating ribosomes into close proximity with the initiator codon, as was suggested for the poly(A) tail (8) . In the absence of such an interaction, mRNAs would always be at a competitive disadvantage when components of the translational apparatus are limiting. The complementarity between the A' box and the 3' sequence of the 18S rRNA is in favor of the latter hypothesis. Interestingly, these two models should be considered as dynamic processes, since in both STNV-1 and -2 RNAs, the AUG initiator codon is locked in a base pairing when the leader-trailer interaction occurs.
